ABSTRACT The amino acid sequence of the light chain of bovine protein C was determined by sequenator analysis of the carboxymethylated light chain and fragments obtained by cyanogen bromide treatment, tryptic digestion after blocking of lysine residues, and cleavage with 2-(2-nitrophenylsulfenyl)3-methyl-3-bromoindolenine (BNPS-skatole). The sequence was (in the standard one-letter code) A-N-S-F-L-X-X-L-R-P-GN-V-
Protein C is a vitamin K-dependent glycoprotein isolated from bovine plasma (1) . Like the four traditional vitamin K-dependent proteins active in blood coagulation-i.e., prothrombin, factor VII, factor IX, and factor X-protein C is a zymogen of a serine amidase (2, 3) , and it can be activated both by thrombin (4) and by the factor X activator from Russel's viper venom (3) . On activation an Arg-Ile bond is cleaved in protein C and a 14 amino acid residue activation peptide is released (3) .
Recently Kisiel et al. (4) presented data suggesting that activated protein C in the presence of phospholipid and calcium ions inactivated factor V. Incubation of bovine plasma with active protein C also prolonged its clotting time. Factor V is important for augmenting the rate of activation of prothrombin by factor Xa. Protein C may therefore have a physiologically important regulating role in blood coagulation through its ability to inactivate factor V and thereby decrease the rate of prothrombin activation.
Like factor X, protein C has two polypeptide chains, linked by at least one disulfide bond. The light and heavy chains have molecular weights of approximately 21,000 and 35,000, respectively (1, 3) . The NH2-terminal part of the light chain has a pronounced homology to the corresponding parts of the four other vitamin K-dependent coagulation factors (5) , and the amino acid sequence around the active site serine residue, which is located within the heavy chain, is homologous to the corresponding region of other plasma serine proteases (4).
To be able to relate the biological activity of protein C to its structure and to compare its sequence with the known sequences of the vitamin K-dependent coagulation factors prothrombin (6) and factor X (7), determination of the complete amino acid sequence of protein C has been undertaken. This report describes the amino acid sequence of the light chain of protein C. Experimental details of the work will be published separately.
METHODS
Protein C was isolated from bovine plasma as described previously (1). Purity was checked by agarose gel electrophoresis (8) and sodium dodecyl sulfate/polyacrylamide gel electrophoresis (9) . The (Fig. 2) and BNPS-skatole fragments were pure after gel filtration. The tryptic fragments TR 1, 3, 5, and 7 did not require any further purification after the gel filtration, whereas the fragments TR 2, 4, 6, and 8-10 and the cyanogen bromide fragment CB 4 were purified by preparative high-voltage paper electrophoresis at pH 6.5. The peptide TR 4 required further purification at pH 1.9. Subfragments of the peptide CB 3 were isolated by preparative paper electrophoresis at pH 6.5 after digestion with thermolysin. One fragment of the light chain was obtained by tryptic digestion after temporary blocking of arginine residues with cyclohexanedione (13), and it was isolated by chromatography on a column (0.65 X 120 cm) of Sephadex G-25 superfine in 0.1 M NH4HCO3 and preparative paper electrophoresis at pH 6.5. Purity of the fragments was checked by analytical high-voltage paper electrophoresis, amino acid analysis, and NH2-terminal end-group determination (14) .
Amino acid analyses were obtained by standard methods (15) after hydrolysis in 6 M HCL. y-Carboxyglutamic acid was determined after alkaline hydrolysis as described previously (16 phases and acetonitrile-containing buffers (19) for the aqueous phases. Thin-layer chromatography in two systems on fluorescent silica gel plates (20) and gas/liquid chromatography without derivatizationt (Beckman Instruments) were also used routinely. In addition, PTH-carboxymethylcysteine residues were identified by measurements of radioactivity. Serine residues late in a degradation were identified by thin-layer chromatography only and y-carboxyglutamic acid, arginine, and histidine residues were identified by HPLC only. The criterion for assignment of a residue was that it was identified by at least two of the three methods used routinely (HPLC, thin-layer chromatography and gas/liquid chromatography), with the exceptions given above. RESULTS
The amino acid sequence of the light chain of bovine protein C is shown in Fig. 1 . The sequence was derived from the data obtained by sequenator analysis of the light chain and of fragments isolated after cyanogen bromide cleavage, tryptic digestion of citraconylated light chain, and BNPS-skatole treatment (Fig. 2) . The fragments used for sequencing that were pure after Sephadex G-50 chromatography alone were obtained in recoveries between 20 and 50%, whereas the peptides that also required preparative paper high-voltage electrophoresis at pH 6.5 were obtained in recoveries between 5 and 10%. The single peptide (TR 4) that also required electrophoresis at pH 1.9 was obtained in a yield of 2.6%. Subdigestion of the primary fragments was necessary only once. It was used in order to determine the last two COOHterminal residues of the cyanogen bromide fragmentCB 3; this determination was necessary for the establishnt of an overlap between the cyanogen bromide fragmentsCB 3 andCB 4. The two last COOH-terminal residues of CB 3 followed from the analysis of a peptide isolated from a thermolysin digest of CB 3. According to amino acid analysis and sequencing (4 steps) this peptide had the structure Leu-Gly-Lys-Arg-homoserine. The overlap between CB 3 and CB 4 was provided by a peptide isolated after trypsin digestion of yclohexaneione-biocked light chain. The peptide had the"-composition Arg1Glu1-LysMeti and had arginine as the NHfterminal residue.
Cyanogen bromide fragment GB 4 was the only one that lacked homoserine and therefore it was A COOH-terminal fragment. Only the first five residues of CB 4 were identified with the sequencer, but according to its amino acid composition CB 4 also contained threonine and leucine, the order of which was deduced from the sequence of the tryptic peptide TR 10. Its deduced sequence was also consistent with the results of the COOH-terminal analysis by carboxypeptidase digestion of the whole light chain. Each residue in the sequence has been identified at least twice. The identifications posed no problems except in a few positions. y-Carboxyglutamic acid was readily identified by HPLC in the positions given in Fig. 1 . It was eluted with a retention time of 2.2 min in front of aspartic acid (retention time 3.3 min). The yield of PTH-y-carboxyglutamic acid was consistently low, about 5%, presumably due to inefficient extraction from the sequenator cup. With the tryptic peptide TR 5, which actually was a mixture of the two peptide residues 95-115 and 95-116, the sequenator analysis gave a blank at position 3 and at position 8 only a low yield of aspartic acid was obtained. It was also noticed that there was a marked drop in recovery of PTH amino acids after position 8. The peptide contained two aspartic acid residues in its acid hydrolysate that were not accounted for in the sequencing, and it also contained glucosamine. Because position 5 is a serine, the residue at position 3 most probably is an asparagine residue with a carbohydrate side chain linked to it. To position 8 an Asx was assigned for the following reason. Position 9 was a glycine and Asn-Gly sequences are known to complicate sequencing by forming cyclic imides by condensation of the asparaginyl (or aspartyl) side chain with the amide nitrogen of the subsequent glycyl residue in the polypeptide chain (21) (22) (23) . These assignments explain the two aspartic acid residues found on acid hydrolysis, the low recovery of PTH-aspartic acid found by HPLC in position 8, and the drop in yield of PTH amino acids after position 8.
The amino acid composition predicted from the given sequence (Fig. 1 ) is in accordance with that obtained after acid hydrolysis ( Table 1 ). The content of -y-carboxyglutamic acid in three different preparations of the light chain, as determined after alkaline hydrolysis, was 10.3, 11.4, and 9.6 moles per mol of light chain, respectively. The values should be compared with the 11 residues of y-carboxyglutamic acid residues found by sequencing (Fig. 1) . DISCUSSION The results of the sequence determination confirm the previously published sequence of the NH-terminal part of the light chain of protein C (5). The NH2-terminal sequence shows a pronounced homology with the corresponding parts of prothrombin and factor X (Fig. 3) , and 10 of the 11 Gla residues appear in the same positions as in prothrombin or factor X.
The Gla content in alkaline hydrolysates of three different preparations of the light chain varied from 9.6 to 11.4, but there were no differences between these preparations regarding the positions in which Gla was found. Whether the differences in Gla content are due to a varying degree of carboxylation during biosynthesis or to a variable degree of decarboxylation during the purification procedure is not clear.
It is noteworthy that in the previously sequenced vitamin K-dependent proteins (5, 6, 7) there appears to be no uncarboxylated glutamic acid residue among the carboxylated ones; i.e., in prothrombin all the first 10 and in factor X and protein C the first 11 glutamic acid residues are carboxylated.
After the last carboxylated glutamic acid residue in protein C (position 35) the sequence homology with prothrombin is no longer striking. Comparison of the protein C and factor X sequences, however, shows that their light chains are closely reProtein C Factor X Prothromb in 10 20 30 Comparison of the amino acid sequences of the light chain of bovine protein C, the light chain of bovine factor X (7), and fragment 1 from bovine prothrombin (6) . Gaps have been inserted into the sequences of protein C and factor X in order to increase the correspondence between the three sequences. The numbering refers to prothrombin. X in the sequence indicates Gla; the other residues are given in the standard one-letter code (24) . lated (Fig. 3) . The similarities between the two proteins are further underlined by the fact that both are activated to serine proteases by the same activator in Russell's viper venom (3) . Unlike factor X, however, the light chain of protein C has a carbohydrate side chain that is linked to its asparagine 97.
